Abstract-This letter presents a novel topology of a Butler matrix, which can realize relatively flexible phase differences at the output ports. The proposed Butler matrix employs couplers with arbitrary phase-differences to replace quadrature couplers in the conventional Butler matrix. By controlling the phase differences of the applied couplers, the progressive phase differences among output ports of the proposed Butler matrix can be relatively flexible. To facilitate the design, closed-form design equations are derived and presented. For verifying the design concept, a planar Butler matrix with four unique progressive phase differences ( , , , and ) is designed and fabricated. At the operating frequency, the amplitude imbalance is less than 0.75 dB, and the phase mismatch is within . The measured return loss is better than 16 dB, and the isolation is better than 18 dB. The bandwidth with 10 dB return loss is about 15%.
I. INTRODUCTION

B
EAMFORMING antenna array has made a rapid development in civil and military sectors. For example, it can be applied for applications such as human-machine interfaces, search and rescue, remote sensing, imaging, and respiration measurement. The function of beamforming antenna array is to provide the specific magnitude and phase responses to realize different angles of scanning beams. One common way to construct the beamforming antenna array is to apply the Butler matrix [1] - [3] . The conventional Butler matrix featuring a symmetrical structure is composed of couplers, crossovers, and phase shifters. For example, the Butler matrix has four input and output ports. By exciting one of the input ports, the equal-amplitude and progressive-phase distribution responses (i.e., phase differences are and ) can be generated at the output ports [4] . By connecting the Butler matrix with an antenna array, there will be four distinct beams in the radiation pattern. Up to now, the design of Butler matrix has been focused on band engineering and size reduction. For example, the dual-band Butler matrix can be realized by using a modified structure [5] . In [6] , it is reported that a Butler matrix using 180 hybrids instead of 90 couplers can achieve a broad bandwidth. By applying phase difference coupler, compact Butler matrix can be achieved without phase shifters [7] . A wideband Butler matrix for ultrawideband (UWB) is realized by applying multilayer structures [8] . In [9] , a broadband
Butler matrix is integrated with one isolator to measure -parameters of a two-port device. In order to further improve the performance of Butler matrix, it is meaningful to design unconventional Butler matrix with arbitrary progressive phase difference. In [10] , a modified Butler matrix is designed consisting of 90 and 180 hybrids. Due to the limitation of the 180 hybrid layout, it can only be realized by using multilayer structures, which increase the complexity and cost of the whole system and are not convenient for practical implementation.
In this letter, a novel topology of Butler matrix with relatively flexible progressive phase differences is presented. To realize the design goal, couplers with arbitrary phase difference are engineered and allocated within the new Butler matrix [11] , [12] . The typical characteristics of the proposed design are summarized as follows. First, compared to the phase differences ( and ) generated by the conventional Butler matrix, the proposed design can generate different sets of phase differences, which can be realized from to . This feature can increase the options of feeding modes for antenna array, extending the range of the radiation beam angles. Second, the topology of the proposed Butler matrix is always symmetrical, while the progressive phase difference varies in the full range. The resulting symmetrical Butler matrix will help to minimize the imbalance on amplitude and phase. Third, the proposed novel Butler matrix employs a single-layer structure, providing a low-cost and convenient implementation. Finally, the closed-form design equations are derived and presented, which streamline the design process of the proposed Butler matrix.
II. DESIGN AND THEORY
To achieve the design goal of a generalized Butler matrix with flexible progressive phase difference at the output ports, a new topology of the Butler matrix is proposed as shown in Fig. 1 . There are four input ports P1-P4 and four output ports P5-P8. It consists of two couplers with phase difference , two couplers with phase difference , two phase shifters with phase difference , and two crossovers [13] . See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. Butler matrix with couplers (with arbitrary phase-difference), phase shifters, and crossovers (P1-P4 are input ports, and P5-P8 are output ports). coupler consists of four branchlines with characteristic impedances , and electrical lengths , , . The phase responses of the couplers are summarized as follows:
where the range of phase difference is from 0 to . From (1) and (2), exciting one of the two input ports (P1 or P2 shown in Fig. 2 ) generates a unique phase difference between output ports. The difference between two unique phase differences is always equal to . Based on the layout of the proposed Butler matrix (as shown in Fig. 1 ), the final phase responses between the input and output ports are listed in Table I . In order to facilitate the comparison, we have set the phase response between P1 and P5 as . From Table I , the progressive phase difference among the output ports when the signal is input from different input ports can be obtained as For P1
For P2
For P3 (6) For P4 (7) where , , , and are integers. From (4)- (7), two important design formulas can be derived as
Based on the range of and (from 0 to ), the sum of should be between and . To realize unique progressive phase differences at output ports, the condition of must be satisfied. Within the valid range of , we can manage to obtain four unique phase differences of the designed Butler matrix. For easy implementation, we set and , yielding
Substituting (10) into (4)- (7), the final formulas for the Butler matrix's phase differences can be derived as
From (11)- (14), the progressive phase differences generated by the proposed Butler matrix depend on the couplers with arbitrary phase difference . It is clear that using different phase difference of the couplers can lead to different progressive phase differences in the Butler matrix. Table II provides two groups of generated progressive phase differences based on two different sets of and . Therefore, based on the range of , the proposed Butler matrix can provide a wide range of phase differences (from to ). Integrating the proposed symmetrical Butler matrix with an antenna array (e.g., half-wavelength distance between adjacent antennas), asymmetrical patterns can be generated, and the available range of radiation beam angles can be extended from 
and
. In this way, the beamforming antenna array's performance can be significantly improved.
III. SIMULATION AND MEASUREMENT RESULTS
To verify the design concept, a Butler matrix with phase differences , , , and (as shown in column 2 of Table II ) is designed to operate at 5.8 GHz. This Butler matrix employs two phase-difference couplers and two phase-difference couplers. For the phase-difference coupler, the normalized characteristic impedances are set as , , while the electrical lengths are set as , , (the diagram is shown in Fig. 2) . For the coupler, the normalized characteristic impedances are set as , , while the electrical lengths are set as , , . Fig. 3 shows the photograph of the fabricated Butler matrix on RT/Duroid 5880 substrate with the substrate thickness of 0.787 mm and the dielectric constant of 2.2. The dimension of the Butler matrix is about mm . In the proposed design, since the width of the 50-microstrip line is too wide to effectively implement the design, the system impedance is chosen to be 100 , and several additional transformers are applied to match the 100-system impedance with 50-input/output ports.
The simulated and measured magnitude responses for different input ports are given in Fig. 4 . From the simulation results, the amplitude imbalance of output signals when input from different input ports is less than 0.45 dB at 5.8 GHz. Both return loss and isolation are better than 17 dB at the design frequency. In the measurement, the working frequency is shifted to 5.99 GHz, which is mainly caused by the fabrication tolerance. When P1 is excited, the measured magnitude responses are dB, dB, dB, dB. When P2 is excited, the measured magnitude responses are dB, dB, dB, dB. For P3 excitation, the measurement results are dB, dB, dB, dB. For P4 excitation, the measurement results are dB, dB, dB, dB. For all input ports, the maximum amplitude imbalance of output signals is about 0.75 dB at 5.99 GHz. The measured 3-dB bandwidth of the designed Butler matrix is about 11%. At the operating frequency, the measured return loss is better than 16 dB, and the isolation is better than 18 dB (the bandwidth with 10 dB return loss is about 15%). Fig. 5 shows the simulated and measured phase responses of the Butler matrix. According to the simulation, the phase difference at 5.8 GHz is about for input port P1, for input port P2, for input port P3, and for input port P4. Correspondingly, the measured phase differences at 5.99 GHz are , , , and for different input ports. For all input ports, the maximum phase difference mismatch is about . To improve the stability of phase difference, broadband components (such as phase shifters, couplers, and crossovers) can be applied to realize a broadband Butler matrix. Overall, it is observed that the simulation and measurement results of the proposed Butler matrix are in good agreement, verifying the design concept.
IV. CONCLUSION
In this letter, a novel design of Butler matrix is presented. Compared to the conventional Butler matrix, a new Butler matrix topology is proposed. The proposed Butler matrix can realize arbitrary combinations of progressive phase differences at the output ports. The structure of the proposed Butler matrix is single-layer and symmetrical, achieving a low cost and minimizing the imbalance on amplitude and phase. To verify the design concept, a Butler matrix with progressive phase differences , , , and is designed and characterized. Good agreement has been achieved between the measured and simulated results. The proposed design concept can be also applied to achieve a beam-steering Butler matrix by using tunable couplers.
